Repair of wounds is a chain of processes necessary for removal of damaged tissues or invaded pathogens from the body and for complete or incomplete remodeling of injured tissues. The healing process requires a sophisticated interaction between inflammatory cells, biochemical mediators including growth factors, extracellular matrix molecules, and microenvironmental cell populations ([@B1], [@B2]). Inflammatory cells, keratinocytes, and fibroblasts in the wound space and border produce and release a variety of growth factors such as platelet-derived growth factor (PDGF)^1^, epidermal growth factor (EGF), fibroblast growth factor (FGF), and TGF, which have biological activities to stimulate infiltration of inflammatory cells into the wound space, induce proliferation of keratinocytes and fibroblasts, lead to new formation of capillaries in the granulation tissue, and modulate extracellular matrix deposition and reconstitution of the injured area ([@B1]--[@B5]). In fact, topical application of some growth factors is successful to accelerate healing of full-thickness wounds in normal mice and normalize a delayed healing response of diabetic mice ([@B6], [@B7]).

Cutaneous wounds often cause anatomical and/or functional damage of peripheral sensory neurons widely distributed in the skin, and nerve growth factor (NGF), which is probably produced in the affected tissue area, may be essential to regenerate the injured neurons. Patients with diabetes mellitus manifest acute and chronic complications including cutaneous infections, immunodisturbance, and vascular and neuropathic dysfunctions ([@B8]). Impaired production of NGF has been reported in the submaximal gland of genetically diabetic *db*/*db* mice ([@B9]) and streptozotocin-induced diabetic mice ([@B10]), and in the serum and skin of patients with diabetes mellitus ([@B11], [@B12]). Although NGF is a neurotrophic polypeptide mandatory for the development and function of peripheral and central neurons ([@B13]--[@B15]), recent findings have shown that NGF regulates immune and inflammatory responses through direct and/or indirect effects on immunocompetent cells ([@B16]--[@B22]). Biologic actions of NGF are mediated through two types of specific receptors with distinct affinities ([@B23], [@B24]); the low affinity receptor is a 75-kD glycoprotein and the high affinity receptor is a 140-kD molecules with a transmembrane tyrosine kinase domain that is coded by the *trk* protooncogene ([@B25]). We have been studying novel roles of NGF in the processes of inflammation and tissue repair. NGF caused a significant stimulation of granulocyte differentiation from human peripheral blood and murine bone marrow cells ([@B26]--[@B28]), suppressed apoptosis of rodent neutrophils and peritoneal mast cells ([@B29], [@B30]), enhanced functional properties of murine neutrophils and human eosinophils ([@B20]--[@B22]), and not only promoted colony formation of murine IL-3--dependent bone marrow--derived cultured mast cells, but also induced the phenotypic change to connective tissue--type mast cells ([@B31]).

NGF is produced by many types of cells including fibroblasts ([@B31], [@B32]), keratinocytes ([@B33]), mast cells ([@B34]), and T cells ([@B35]). Therefore, there is a possibility that NGF produced at the wounded site may regulate the healing of the cutaneous wounds. In the present study, we demonstrated that cutaneous wounds resulted in NGF production by the salivary gland and regenerated keratinocytes at the edge of the wound and fibroblasts in the granulation tissue during a wound healing process, and that the topical application of NGF to cutaneous wounds accelerated the rate of wound healing in normal and diabetic mice.

Materials and Methods {#MaterialsMethods}
=====================

Mice.
-----

SJL/J mice were provided from N. Watanabe (Jikei University School of Medicine, Tokyo, Japan). C57BL/6 and genetically diabetic KK/Ta mice were purchased from Clea Japan (Tokyo, Japan). All mice (male, 8--10 wk of age) were kept within a filter-air laminar flow enclosure, and provided with standard laboratory food and water ad libitum. All KK/Ta mice were diagnosed to be diabetic at the beginning of the study.

Cytokines and Other Reagents.
-----------------------------

2.5S NGF isolated from murine submaxillary glands was a gift from A.M. Stanisz and J. Bienenstock (McMaster University, Hamilton, Ontario, Canada; reference [@B26]). The preparations were purified by gel filtration on a Sephadex G-75 column to remove traces of renin and IgG sometimes found as contaminants in the original preparation, and further purified by affinity column chromatography with anti-- mouse NGF mAb (clone β1). The affinity-purified NGF preparation was eluted as a single protein on an HPLC column (TSK 3,000; Beckman Instruments, Fullerton, CA) with a retention time that corresponded to 27 kD (2.5S NGF dimer; reference [@B26]). Neither EGF activity by an ELISA nor endotoxin activity by a limulus assay was detected, even at a high concentration (10 μg/ml) of the ultrapurified NGF preparation. Neurotrophic activity of the ultrapurified NGF preparation was determined as previously described ([@B31]). Recombinant murine IL-1β, IFN-γ, and TNF-α, and recombinant human PDGF B chain (PDGF-BB) homodimer were purchased from Genzyme Corp. (Cambridge, MA). Recombinant human basic FGF (bFGF) was purchased from Upstate Biotechnology Inc. (Lake Placid, NY). EGF purified from murine submaxillary glands was provided by Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Recombinant human TGF-β1 was a gift from H. Akiyama (Kirin Brewery Company, Ltd., Tokyo, Japan). Rabbit anti--mouse 2.5S NGF polyclonal Ab and goat anti--rabbit IgG (H+L) polyclonal Ab conjugated with peroxidase were obtained from Sigma Chemical Co. (St. Louis, MO) and BioMakor (Kirat Weizmann, Rehovot, Israel), respectively. Mouse anti-2.5S NGF mAb was purchased from Boehringer Mannheim GmbH (Mannheim, Germany). All chemicals used were purchased from Sigma Chemical Co., unless otherwise indicated.

Surgical Wounding.
------------------

Mice were wounded by using a modification of the technique described by Denon et al. ([@B36]). Under pentobarbital sodium anesthesia, hairs on the dorsum of mice were clipped, and four full-thickness round skin wounds (5 mm diam) were prepared using a disposable skin punch equipment (Maruho Co., Ltd., Osaka, Japan). Each wound was separated by at least 1.5 cm of unwounded skin. A group of SJL/J mice was sialoadenectomized or sham operated under pentobarbital sodium anesthesia 4 wk before wounding. Heparinized peripheral blood was collected from the axillary artery at 0, 1, 3, 6, and 24 h after the skin punching. Small pieces of skin samples were removed from the wounds and normal dorsal sites on 0, 1, 3, 7, 10, and 14 d after the skin punching. All the blood and skin samples were obtained under ether anesthesia, and were treated with protease inhibitors (Boehringer Mannheim GmbH) according to the manufacturer\'s instructions. NGF levels in sera and extracts from the skin tissues were measured by an ELISA using anti-NGF mAb ([@B31]), which was sensitive to a lower limit of 50 pg/ml.

Immunohistochemical Examination.
--------------------------------

Small pieces were cut from skin tissues with wounds gently smoothed and flattened onto a piece of thick filter, and were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 12 h at 4°C. Skin tissues were embedded in paraffin and cut at 4 μm; the sections were placed on silane-coated glass slides. Tissues were deparaffinized, rehydrated, and washed in PBS (pH 7.4). After pretreatment with a solution of PBS supplemented with 0.3% hydrogen peroxide and 0.1% sodium azide for 10 min to inhibit endogenous peroxidase, the preparations were washed in PBS twice, and then incubated with blocking medium (10% normal goat serum in PBS) for 10 min. Rabbit anti--mouse 2.5S NGF polyclonal Ab diluted 1:2,000 in PBS supplemented with 1% BSA was applied for overnight at 4°C. After washing in PBS twice, peroxidase-conjugated goat anti--rabbit IgG (H+L) Ab diluted 1:100 in PBS was overlaid for 30 min. Visualization of the reaction products was performed with 0.2 mg/ml 3-3′ diaminobenzidine tetrahydrochloride in PBS supplemented with 0.003% hydrogen peroxide. The tissues were counterstained with hematoxylin after the immunoreactions. Thin sections of submaxillary glands were provided as a positive control.

In Situ Hybridization.
----------------------

A digoxigenin-labeled antisense oligonucleotide primer (5′-AAGGGAATGCTGAAGTTTAGTCCAGTGGGCTTCAGGGACAGAGTCTCC-3′) complementary to nucleotides 378--425 of messenger RNA (mRNA) of mouse NGF ([@B37]) was commercially synthesized (Nippon Flour Mills Corp., Tokyo, Japan). Deparaffinized tissue sections were washed in 2× SSC for 10 min at 60°C, rinsed in 0.05M Tris-HCl (pH 7.6), and incubated in 100 μg/ml proteinase K (Nacalai Tesque, Kyoto, Japan) in 0.05 M Tris-HCl (pH 7.6) for 10 min at 37°C. After washing in PBS, the tissue preparations were immersed in 0.4% paraformaldehyde in PBS, pH 7.4, for 10 min at 4°C to arrest proteolytic activity of proteinase K and rinsed in water. To inhibit endogenous alkaline phosphatase activity, the specimens were treated with 0.2 N hydrogen chloride for 10 min. Hybridization was performed using a slight modification of the method reported previously ([@B38]). The specimens were hybridized with the digoxigenin-labeled probe (20 ng/ml) in a solution of 50% formamide, 4× SSC, 0.02% Ficoll (type 400), 0.02% polyvinylpyrrolidone, 0.02% BSA, 0.5 μg/ml salmon sperm DNA, 1% sarcosyl (*N*-lauroyl sarcosine), 10% dextran sulfate, 0.1 M phosphate buffer (pH 7.2), and 0.05 M dithiothreitol, for 16 h at 42°C in a humidified chamber. After washing, the slides were incubated with alkaline phosphatase--conjugated sheep antidigoxigenin Ab (Boehringer Mannheim GmbH), and the reaction products were visualized according to the manufacturer\'s instructions.

A synthesized sense oligonucleotide primer was used as a negative control. The other control experiments were performed as follows: (*a*) RNase A treatment before hybridization, and (*b*) neither a probe nor antidigoxigenin Ab. In these experiments, little or no positive reaction was detected.

Production of NGF by Fibroblasts and Keratinocytes.
---------------------------------------------------

The contact-inhibited Swiss albino mouse embryo--derived 3T3 fibroblasts, obtained from the Japanese Cancer Research Resources Bank (Tokyo, Japan), and the transformed BALB/c mouse--derived keratinocytes (PAM 212), provided from I. Katayama (Tokyo Medical and Dental University School of Medicine, Tokyo, Japan), were seeded in 35-mm culture dishes (Nunc, Roskilde, Denmark) at a concentration of 5.0 × 10^4^ cells/ml in 1 ml of α-MEM (GIBCO BRL, Gaithersburg, MD) with 10% FCS (Hyclone Labs, Logan, UT). The culture dishes that contained a confluent monolayer of 3T3 fibroblasts (0.5--1.5 × 10^6^ cells) on 3 d in culture were further incubated at 37°C for 6 d in humidified atmosphere with 5% CO~2~ in air after the culture medium was replaced with 1 ml of fresh medium containing various concentrations of cytokines or histamine. PAM 212 keratinocytes were incubated with various concentrations of cytokines or histamine for 2 d. The culture medium of both the cells was collected to measure NGF levels (see above) and the number of fibroblasts and keratinocytes was counted in trypsinized cultures.

Treatment of Wound.
-------------------

Two different types of experiments were conducted to evaluate a stimulating effect of NGF on wound healing in C57BL/6 and genetically diabetic KK/Ta mice (39-- 41). First, after skin punching (see above), 20 μl (1 μg) of 2.5S NGF and vehicle solution alone (α-MEM with 10% FCS) were daily applied to two left and two right wounds, respectively. Applications were carried out under pentobarbital sodium anesthesia until the third day, and a healing term was assessed macroscopically. In other experiments, the wounds were removed 8 d after skin punching, and were fixed in phosphate-buffered formalin. Paraffin sections (5 μm thick) were made by routine methods and stained with hematoxylin and eosin. Second, breaking strength of healed linear wounds was examined according to a slight modification of the methods previously reported ([@B6]). An anterior-posterior linear incision (4 cm in length) in full thickness was applied to the dorsum of mice with a scalpel under pentobarbital sodium anesthesia. 50 μl (2 μg) of 2.5S NGF or vehicle solution alone were administrated to the incisions, and then the wounds were closed by wound clips placed at 1-cm intervals. Mice were killed 9 d later, and three pieces of skin (0.8 cm in width) between the wound clips were cut vertical to the linear incision. Breaking strength of wounds was measured by using a Rheo meter (NRM-2002J; Fudoh Kogyo Co., Ltd, Tokyo, Japan). The ends of the skin strip were pulled at a constant speed (20 cm/min), and breaking strength was expressed as the mean maximum level of tensile strength (g/mm) before separation of wounds.

Statistical Analysis.
---------------------

Two-tailed Student\'s *t* test was done for statistical analysis of the data and *P* \<0.05 was taken as the level of significance.

Results {#Results}
=======

NGF Levels in Serum.
--------------------

Four full-thickness round wounds were made at the dorsal skin in SJL/J mice, and serum samples were collected under ether anesthesia at various times after the skin punching. Although no NGF was detected in sera isolated from anesthetized mice before the skin punching, the cutaneous wounding resulted in a rapid increase in serum levels of NGF. Serum NGF was at a significant level of 0.72 ng/ml at 1 h, reached a maximal level of ∼5.20 ng/ ml at 6 h, and retained a significant level of ∼0.88 ng/ml even 24 h after the skin punching (Fig. [1](#F1){ref-type="fig"}). The serum collected at 6 h after the skin punching stimulated the outgrowth of nerve fibers from rat pheochromocytoma cells (PC12); the neurotrophic activity was completely abolished by the addition of anti-NGF Ab (data not shown).

NGF Levels in Skin Tissues.
---------------------------

To examine the possible local production of NGF at wounded sites, NGF contents at unwounded and wounded sites were measured on various days after skin punching. All the cutaneous wounds were completely closed by 11 d. Low levels of NGF were detected at uninjured control skin sites isolated on various days after wounding, ranging from 0.81 to 1.7 ng/g. In contrast, at the wounded sites, NGF reached a maximal level of 7.8 ng/g 1 d later, and then its levels were gradually decreased but were higher than those at uninjured control skin sites during the period of 14 d (Fig. [2](#F2){ref-type="fig"}).

Effect of Sialoadenectomy on NGF Levels in Sera and Wounded Skin Sites.
-----------------------------------------------------------------------

Since the increased NGF in sera after fighting stress has been reported to be originated from the submaxillary glands ([@B42]), we conducted some experiments to examine whether sialoadenectomy before cutaneous wounds affected NGF levels in sera and wounded skin sites. Serum NGF levels at 6 h in sialoadenectomized SJL/J mice were lower than the detection limit of an ELISA, but the increased levels were observed in sera of sham-operated mice as roughly comparable to those in nonoperated normal mice (Table [1](#T1){ref-type="table"}). On the other hand, sialoadenectomy had no influence on NGF contents at wounded skin sites 3 d after the skin punching. Thus, we concluded that cutaneous wounds led to rapid release of NGF from the submaxillary glands to the peripheral blood and the subsequent local production of NGF at the wounds.

Production of NGF at Wounded Skin Sites.
----------------------------------------

To identify cell populations that produced NGF at wounded skin sites in SJL/J mice 3 d after skin punching, in situ hybridization analysis and immunohistochemical examination were provided. Granulation tissue including fibroblasts, capillaries, and various kinds of inflammatory cells filled the wound space under crustal tissue. Epithelium at the edge of the wound was several cell layers thick. The leading single cell layer edge of the epithelium was evident over the newly formed granulation tissue, but reepithelialization was only 10--20% at this time. The stratified epithelial cells at the wound edge showed positive staining for mRNA and protein of NGF; deeper layer epithelial cells were strongly positive for its mRNA staining, but superficial layer epithelial cells were strongly positive for its protein staining (Fig. [3](#F3){ref-type="fig"}, *B* and *F*). In addition to the neoepithelium, fibroblasts in granulation tissue formed in the wound space and wound edge were positive for mRNA and protein of NGF (Fig. [3](#F3){ref-type="fig"}, *D* and *H*). In contrast, little or no reaction was observed in epidermal keratinocytes and dermal fibroblasts at the unwounded control skin site. Thus, NGF was produced by stratified epithelial cells and fibroblasts in granulation tissue formed after wounding.

Effect of Various Cytokines and Histamine on NGF Production by Fibroblasts and Keratinocytes.
---------------------------------------------------------------------------------------------

Since NGF is produced and released from mouse fibroblasts and keratinocytes in vitro ([@B31], [@B33]), we examined the effect of inflammatory cytokines (EGF, bFGF, IFN-γ, IL-1β, PDGF-BB, TGF-β1, and TNF-α) and histamine on NGF production by 3T3 fibroblasts and PAM 212 keratinocytes. NGF levels were assessed by an ELISA in the culture medium collected from 3T3 fibroblasts on 6 d in culture and PAM 212 cells on 2 d in culture. When 3T3 fibroblasts and PAM 212 cells were cultured in medium alone, the collected culture medium contained 88 ± 3 pg/ml and 111 ± 4 pg/ml, respectively. The addition of EGF, bFGF, IFN-γ, IL-1β, PDGF-BB, TGF-β1, or histamine to 3T3 fibroblasts increased NGF levels in the medium at the individual optimal doses by more than three times as compared with medium alone (Fig. [4](#F4){ref-type="fig"}). In contrast, the addition of TNF-α at doses of 0.2--2 ng/ml resulted in slight enhancement of NGF production (Fig. [4](#F4){ref-type="fig"}). When PAM 212 cells were cultured with each cytokine or histamine, NGF levels were 1.5--2.5-fold higher than those in medium alone at the individual optimal doses of all the agents (Fig. [5](#F5){ref-type="fig"}). There was no significant difference in the number of fibroblasts and keratinocytes at the end of the culture between individual groups.

Effect of NGF on the Rate of Wound Healing.
-------------------------------------------

We attempted to assess a possible positive effect of NGF on the rate of cutaneous wound healing in C57BL/6 control mice and genetically diabetic KK/Ta mice. In C57BL/6 mice, right full-thickness round wounds topically treated with only medium alone for 3 d were closed by 11 d (Fig. [6](#F6){ref-type="fig"}). In KK/ Ta mice, on the other hand, wound closure was delayed \>7 d compared to that in C57BL/6 mice, indicating that the rate of wound healing was impaired in KK/Ta mice (*P* \<0.001), the same as genetically diabetic *db*/*db* mice ([@B6]). When 1 μg NGF was applied to left wounds once per day for 3 d beginning with the day of skin punching, the rate of wound healing was significantly accelerated in both C57BL/6 and KK/Ta mice (Fig. [6](#F6){ref-type="fig"}). Next, histological examination was performed on the wounds 8 d later. In C57BL/6 mice, topical application of NGF led to the slight accelerating effect on wound healing parameters: complete reepithelialization, an increase in the degree of matrix density, and decreased infiltration of neutrophils (Table [2](#T2){ref-type="table"} and Fig. [7](#F7){ref-type="fig"}). On the other hand, in KK/Ta mice an impairment in wound healing was evident in incomplete reepithelialization, low deposition of extracellular matrix, and continuous infiltration of numerous neutrophils, but the topical application of NGF improved the parameters of wound healing, which were comparable to those in control C57BL/6 mice without the application of NGF (Table [2](#T2){ref-type="table"} and Fig. [7](#F7){ref-type="fig"}).

To further evaluate the effect of NGF on wound healing, we attempted to measure breaking strength of anterior--posterior incisional wounds treated with 2 μg NGF or treated with diluent solution alone. Wound specimens were obtained from C57BL/6 and KK/Ta mice 9 d after wounding. Fig. [8](#F8){ref-type="fig"} shows that breaking strength of wounds treated with diluent solution alone in C57BL/6 was larger than wounds in KK/Ta mice (*P* \<0.01). A single dose of treatment with NGF was sufficient to induce a significant increase in breaking strength by \>1.5 and 2 times in C57BL/6 and KK/Ta mice, respectively. Breaking strength of wounds treated with NGF in KK/Ta mice was comparable to that of wounds treated with diluent solution alone in C57BL/6 mice.

Specificity of NGF Effects on Wound Healing.
--------------------------------------------

To determine the specificity of the accelerating effects of NGF on wound healing in diabetic KK/Ta mice, NGF was pretreated in vitro with anti-NGF Ab before the topical application to round wounds and linear incisions. As shown in Table [3](#T3){ref-type="table"}, NGF pretreated with control Ab induced to accelerate the rate of the wound healing parameters. On the other hand, pretreatment with anti-NGF Ab completely abolished the wound-healing accelerating effects of NGF. Thus, we concluded that topical administration of NGF accelerated the rate of cutaneous wound healing in control normal mice and healing-impaired diabetic mice.

Discussion {#Discussion}
==========

NGF has the potential to enhance survival and functions of immunocompetent cells, such as neutrophils, eosinophils, mast cells, macrophages, and lymphocytes in rodents ([@B17], [@B18], [@B20], [@B21], [@B29]--[@B31]) and humans ([@B19], [@B22], [@B43]--[@B45]), suggesting a possible ability of NGF to promote the rate of cutaneous wound healing. To clarify this point, the present study was conducted. The full-thickness skin wounds at the dorsum of normal mice were able to lead to the rapid increase in levels of NGF in the peripheral blood that possessed a neurotrophic ability. This response was completely abolished by the sialoadenectomy 4 wk before the cutaneous wounds, suggesting that biologically active NGF produced in the submaxillary gland may be released into the peripheral blood. This appears to be consistent with the result of Aloe et al. ([@B42]) that showed that aggressive behavior induced the rapid release of NGF from the salivary gland into the blood stream through stimulation of the sympathetic nerve in mice. Thus, biologically active NGF may be released from the salivary gland into the blood stream in response to the cutaneous wound as well as the fighting stress. We also demonstrated that the cutaneous wounds resulted in the significant increase in levels of NGF in the affected cutaneous tissue after the rapid release of NGF into the peripheral blood. Liu et al. ([@B46]) reported the increased NGF levels in a wound chamber implanted in axotomized rat sciatic nerve, whereas serum NGF levels remained low. Since the increased level of NGF was not influenced by the sialoadenectomy, and since mRNA and protein of NGF were observed in not only stratified epithelial cells at the edge of the wound and also fibroblasts in the granulation tissue produced in the wound space, the increased NGF in the wounded skin may be mainly produced by newly formed epithelial cells and fibroblasts in the granulation tissue.

A variety of inflammatory cytokines produced by local tissues at the wound acts individually and/or collaboratively in processes of the wound healing and tissue remodeling, and synthesis of the cytokines also seems to be regulated mutually. In fact, IL-1 has a potent ability to upregulate synthesis of NGF in nonneuronal cells of injured rat sciatic nerves ([@B47]) and in cultured rat fibroblasts ([@B48]). We attempted to demonstrate whether various cytokines (EGF, bFGF, IFN-γ, IL-1β, PDGF-BB, TGF-β1, and TNF-α) and histamine that are produced and released in injured tissues ([@B1], [@B3]--[@B5]), affect NGF production by both 3T3 fibroblasts and PAM 212 keratinocytes in vitro. Interestingly, all of the reagents except for TNF-α enhanced NGF production of both of the cell lines. Since little or no reaction for mRNA and protein of NGF was detected in epidermal keratinocytes and dermal fibroblasts at the uninjured control skin site, NGF synthesis in both the cell populations activated and proliferated after the wounds seems to be regulated by such cytokines released from various cell components in local tissues including infiltrating inflammatory cells.

The local application of NGF into cutaneous wounds was sufficient to accelerate the rate of wound healing in normal mice and normalize the delayed healing response in diabetic KK/Ta mice. In addition to the results of healing rate and breaking strength of wounds, the histological findings, such as the increases in the degree of reepithelialization, the thickness of the granulation tissue, and the density of extracellular matrix, provided distinct evidence that NGF had a biological ability to improve the degree of the parameters of wound healing in normal mice and even in healing-impaired diabetic mice. NGF also modulates proliferation of keratinocytes in mice ([@B49]) and humans ([@B50]) through the high affinity receptor, suggesting that NGF produced from newly formed epithelial cells at the edge of the wound may support reepithelialization through autocrine stimulation mechanisms involving synergy with the other cytokines. In contrast, since murine 3T3 fibroblasts have no expression of the NGFR on their surface ([@B21]), the granulation tissue and matrix formation induced after NGF application might be caused by indirect promoting effects through cytokines such as bFGF, PDGF, and TGF-β1, which contribute to proliferation of fibroblasts and synthesis of extracellular matrix by fibroblasts ([@B51]--[@B53]).

Peripheral neuropathy that occurs by complicated metabolic mechanisms is one of the common complications distressing patients with diabetes mellitus; impairment of sensory neurons presents as pain and loss of sensation, and often results in cutaneous infection and impaired wound healing ([@B8]). The recent report ([@B13]) demonstrating the decreased levels of endogenous NGF, a sensory neurotrophic factor, and substance P, a sensory neurotransmitter, in the skin of patients with diabetes mellitus, gives rise to a possibility that impairment of NGF production may also contribute to the pathogenesis of diabetic peripheral neuropathy. In fact, diabetic KK/Ta mice showed impaired regeneration of nerve fibers after wounding (data not shown), and the topical administration of NGF significantly accelerated the regeneration of nerve fibers that were roughly comparable to that of control C57BL/6 mice. Apfel et al. ([@B54]) demonstrated that exogenously administered NGF was capable of preventing the behavioral and biochemical manifestations of sensory neuropathy in streptozotocin-induced diabetic rats. The present study clearly demonstrated that the topical administration of NGF into the full-thickness wounds by skin punching normalized the defect of diabetic KK/Ta mice regarding the rate of wound healing. Thus, we consider that NGF has a potentiality as a therapeutic agent for the normalization of the diabetic impaired response of wound healing.
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![Serum NGF levels in male SJL/J mice after cutaneous wounding. Each point represents the mean ± SE of three separate experiments using duplicate samples.](JEM970800.f1){#F1}

![NGF levels at the wounded skin site (*closed*) and control unwounded skin site (*open*) of male SJL/J mice after cutaneous wounding. Each point represents the mean ± SE of three separate experiments using duplicate samples.](JEM970800.f2){#F2}

###### 

NGF Levels in Sera and Wounded Skin Sites of Sialoadenectomized Mice

  Sialoadenectomy[\*](#TF1-150){ref-type="table-fn"}      NGF concentrations[‡](#TF1-152){ref-type="table-fn"}      
  ---------------------------------------------------- -- ------------------------------------------------------ -- -------------
                                                          *ng/ml*                                                   *ng/g*
  No                                                      4.22 ± 0.89                                               4.67 ± 0.11
  Yes                                                     \<0.05                                                    3.91 ± 0.46

 SJL/J mice were sialoadenectomized or sham operated 4 wk before skin punching.  

 Sera and skin tissues including wound were obtained 6 h and 3 d after skin punching, respectively. Each value represents the mean ± SE of five separate experiments in duplicate.  

![Cellular localization of mRNA and protein of NGF in newly formed epithelium at edge of the wound (*B* and *F*, original magnification: 240) and granulation tissue produced in the wound space (*D* and *H*, original magnification: 550). All specimens were obtained from male SJL/J mice 3 d after cutaneous wounding. Basal cells of the epidermis show positive reaction for mRNA expression of NGF (*B*) and superficial epithelial cells show positive reaction for protein of NGF (*F*). Positive reaction for both the mRNA (*D*) and protein (*H*) of NGF is observed in fibroblasts in the granulation tissue. No positive reactions are observed in the sections treated with the sense primer (*A* and *C*) and the irrelevant Ab instead of anti-NGF Ab (*E* and *G*).](JEM970800.f3){#F3}

![Production of NGF by 3T3 fibroblasts stimulated with various cytokines and histamine. NGF levels in culture medium were measured by a sandwich ELISA as described in Materials and Methods. Each point represents the mean ± SE of three separate experiments using duplicate samples.](JEM970800.f4){#F4}

![Production of NGF by PAM 212 keratinocytes stimulated with various cytokines and histamine. NGF levels in culture medium were measured by a sandwich ELISA as described in Materials and Methods. Each point represents the mean ± SE of three separate experiments using duplicate samples.](JEM970800.f5){#F5}

![Wound healing accelerated by topical applications of NGF in control C57BL/6 mice and diabetic KK/Ta mice. NGF (1 μg) or vehicle solution alone was applied to the wound space each day for 3 d beginning with the day of wounding as described in Materials and Methods, and a healing term was examined macroscopically. Each histogram represents the mean ± SE of six mice per group. \**P* \<0.02; ^‡^ *P* \<0.01; when compared with diluent alone.](JEM970800.f6){#F6}

###### 

Wound Healing Accelerated by Topical Application of NGF in Normal C57BL/6 and Diabetic KK/Ta Mice[\*](#TF2-150){ref-type="table-fn"}

  Mice          NGF      Reepithe- lialization      Thickness of granulation tissue      Matrix density      Acute phase inflam- matory cells
  ---------- -- ----- -- ----------------------- -- --------------------------------- -- ---------------- -- ----------------------------------
  C57/BL/6      No       ++                         ++                                   \+                  \+
  C57/BL/6      Yes      +++                        ++                                   ++                  ±
  KK/Ta         No       ±                          +++                                  \+                  +++
  KK/Ta         Yes      \+                         \+                                   ++                  ++

 NGF (1 μg) or vehicle solution alone was applied to the wound space each day for 3 d beginning with the day of wounding, and tissue specimens were removed 8 d after the wounding. The wound healing was evaluated by histological parameters indicated. Graded as: −, none; ±, slight; +, mild; ++, moderate; and +++, considerable. Data are representative of four separate experiments.  

![Histological features of wound specimens from control C57BL/6 mice (*A* and *B*) and diabetic KK/Ta mice (*C* and *D*) 8 d after cutaneous wounding. NGF (1 μg; *B* and *D*) or vehicle solution alone (*A* and *C*) was applied to the wound space each day for 3 d beginning with the day of wounding as described in Materials and Methods. Sections were stained with hematoxylin and eosin. Original magnification: 60. *Arrow heads*, the original wound margin.](JEM970800.f7){#F7}

![Effects of NGF on wound tear strength in control C57BL/6 mice and diabetic KK/ Ta mice. NGF (2 μg) or vehicle solution alone was applied to the wound space shortly after the wounding, and wound tear strength was measured as described in Materials and Methods. Each histogram represents the mean ± SE of four mice per group. \**P* \<0.01; when compared with diluent alone.](JEM970800.f8){#F8}

###### 

Neutralization of the Wound Healing--accelerating Effect of NGF in Diabetic KK/Ta Mice by Anti-NGF Ab

  Treatment[\*](#TF3-150){ref-type="table-fn"}      Healing term      Tensile strength                                  
  ---------------------------------------------- -- -------------- -- ---------------------------------------------- -- ----------------------------------------------
                                                                      *d*                                               *g/mm*
  None                                              None              18.3 ± 0.4[‡](#TF3-152){ref-type="table-fn"}      10.1 ± 0.8[§](#TF3-153){ref-type="table-fn"}
  NGF                                               Control Ab        15.0 ± 1.2                                        23.2 ± 2.0
  NGF                                               Anti-NGF Ab       18.5 ± 0.5[‡](#TF3-152){ref-type="table-fn"}      10.3 ± 0.9[§](#TF3-153){ref-type="table-fn"}

 NGF was mixed with 10-fold diluted rabbit anti--mouse NGF Ab or control Ab at a concentration of 50 μg/ml and incubated at 4°C for 1 h. The NGF mixture was applied to the wound space as described in the legends of Figs. [6](#F6){ref-type="fig"} and [8](#F8){ref-type="fig"}, and then a healing term and wound tear strength were measured. Each value represents the mean ± SE of four separate experiments.  

  *P* \<0.05; when compared with control Ab.  

  *P* \<0.001; when compared with control Ab.  
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